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Abstract 
This study focuses on evaluating the efficiency of an integrated treatment of original black liquor (BL) using combined alkali 
precipitation and bioaugmentation process. The results of alkali precipitation showed about 71.6% chemical oxygen demand 
(COD), 83.2% lignin and color 94.5% were successfully removed. Combined treatment showed an increased reduction of COD, 
lignin and color in relation to the non-combined treatments. A lab scale (5l) study was carried out for fresh original black liquor 
without pH adjustment. The results of the study revealed a high synergic effect of the combined treatments, reducing the color of 
black liquor by 92.3~94.6%, lignin was reduced by 90.6~91.8%, cellulose and hemicellulose were reduced by 53.2~61.7% and 
42.5~48.3%, respectively, the reduction of Biochemical Oxygen Demand (BOD) and COD was 88.7~91.2% and 87.2~89.0%, 
respectively. 
 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Pulp and paper mill is one of the most water demanding industry which generates a large amount of black liquor 
(BL) characterized by a dark brown color and about 50% refractory lignin content, a highly complex cross-linked 
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phenylpropylene biopolymer. The presence of lignin imparts high biological oxygen demand (BOD), chemical 
oxygen demand (COD) and color unit to the wastewater, making it amongst the most difficult wastewaters to treat. 
Meanwhile, lignin extracted from BL is widely recognized to be used as a fuel source or as binder for adhesives 
such as concrete additives, agricultural chemicals and industrial binders1,2. In large conventional pulp mills, BL is 
concentrated and combusted in recovery boilers with the objective of simultaneous recovery of heat and chemicals, 
which are reused in the mill. While a sizable number of pulp and paper mills are forced to discharge BL without 
treatment or after some partial treatment to the river owing to their small size and economic constraints3,4. In both 
cases, the valuable lignin is not utilized and creates severe pollution problem. Therefore, in view of treatment of BL, 
the process of extraction of lignin will not only reduce COD load of BL, it will become additional income for pulp 
and paper mills. 
Individual physicochemical or biological treatment could improve the treatability of BL, but most of them are 
neither technologically nor economically feasible, and they have not been adopted by the majority of small- and 
medium-scale pulp and paper mills5.  Alternatively, the uses of integrated processes could be a promising alternative 
for extraction of lignin and degradation of recalcitrant compounds such as cellulose and hemicellulose in BL. 
Generally, when considering integrated system, a physicochemical pretreatment is required to extract lignin, reduce 
COD and with that to enhance the biodegradability.  Processes such as solvent extraction and membrane 
technologies have also been tried with limited success for the separation of lignin from BL6-8. However, these 
processes may not be viable due to a high operational cost and technical issues such as blocking. Acidification 
precipitation of lignin is another option, but there are many disadvantages with conventional acidification, such as 
secondary pollution cause by sulfur or chlorine, the lower pH of effluent after acid precipitation, which leads to 
further conventional biological wastewater treatment methods less effective. 
Alkali precipitation as a promising method has received much attention since this process can lead to extraction of 
lignin and reduction of organic pollutants load in BL with biodegradability enhancement under high alkaline 
condition. Favis and co-workers9 had reported a strong influence of divalent metal cations on the leaching of lignin 
from a Kraft pulp. In China, Wang et al10 were the first researchers who showed that lignin is coagulated in the 
presence of multivalent metal cations. Most studies illustrated the interaction between lignin and metal cations, 
showing that several functional groups, such as phenolic hydroxyl, benzylic hydroxyl and carbonyl groups in lignin, 
which bind cations, take part in the reactions and form stable complexes with ultivalent metal cations11-14. During 
the process, lignin behaves like a hydrocolloid and is gradually precipitated15. Calcium ions had a much more 
pronounced effect on lignin precipitation than other divalent metal ions16,17.  
Nevertheless alkali precipitation as pretreatment features a relatively high pH value(ı10) of the treated effluent, 
and at these pH levels, the following biological treatments have been found to be unable to effectively remove COD, 
lignin and color of pretreated BL because few microorganisms can survive in the harsh environment of BL. Previous 
studies have reported that BL can only be partially treated by fungi, particularly white rot fungi18,19. Several species 
of bacteria have also been evaluated for their potential use for BL treatment20,21. However, most biological treatment 
is in economically unfeasible due to the need of adding extra high content carbon source such as glucose22,23. In our 
previous study, bioaugmentation process with special mixed lignin-degrading strains has been reported to be 
successful in biotreatment of diluted BL (COD 17,000~22,000mg/l), with lignin and color removal efficiencies 
between 52.8~55.9% and 52.6~60.2%, respectively. The mechanism has been postulated as a decrease in fraction of 
colored high Mw lignin (Mw >12,000) from 13.1% to 5.5% under high COD load and high alkalinity without 
adding extra carbon resource21. However, in practice, direct biotreatment of original BL is not feasible and during 
the process, generally needs much water resources to dilute it, thus adding operation cost. 
Therefore, it was hypothesized that an alternative improvement to bioaugmented treatment of original BL could 
be enhanced by a pretreatment step in combination with extraction of valuable lignin without pH adjustment. This 
would significantly decrease treatment cost. However, no study published on the integrated treatment of BL 
including bioaugmentation step in the literature and most combinations described were used for the treatment of 
pulp mill effluent with very low pollution loads (COD less than 8,000 mg/l) and low lignin content24,25. Furthermore, 
few work focused on chemical characteristics of lignin separated by alkali precipitation. 
From the foregoing discussion, the aim of this work was to evaluate the combination of alkali precipitation 
followed by bioaugmentation process could be directly used for the treatment of original BL under high alkaline 
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condition without adjustment pH. The removal efficiency of the combined treatment was investigated by monitoring 
the decrease of lignin, COD and color intensity.  
2. Material and Methods 
2.1 Wastewater composition 
Black liquor was obtained from a pulp and paper mill in Hunan Province, China. Reed had been used as the raw 
material and pulped by a soda process. This is a medium scale paper industry with average production of paper 120 
ton/day and discharges about 9,200 m3/day of wastewater. As received, the wastewater was completed characterized 
and stored at 4 °C. The characteristics of untreated black liquor is shown in Table 2. 
2.2 Microorganismsˈmedium and growth conditions 
Microorganisms were obtained from Institute of Environmental Science and Engineering, School of Metallurgical 
Science and Engineering, Central South University, China and grown as previously described21. The Pandoraea B-6, 
Comamonas B-9, and Aspergillus F-1 were routinely maintained on BL-mineral salt medium (BLMSM, pH9.0) agar 
plates at 4 °C as a preculture. The BLMSM consisted of (grams per liter) 1.0KHPO4, 1.0K2HPO4, 0.5(NH4)2SO4, 
0.05MgSO4, 0.01 CaCl2, and 2 % BL (v/v). For the inoculum preparation, single colonies of each strain were 
withdrawn from the preculture and inoculated in 300ml BL-MSM. Each strain was cultivated on rotary shaker at 
30 °C and 120 rpm for 5 days, respectively. The cells of the two bacteria and the mycelia of the fungus were then 
collected by centrifugation, respectively. The collections were washed three times with sterile water and then used 
as inoculum for biotreatment of BL. 
2.3 Acclimation of activated sludge 
Raw AS, used as the endogenous seed culture, was procured from the secondary clarifier of the same mill. The 
AS was acclimated as mentioned in our previous study21. The acclimated AS served as indigenous microorganisms 
in the bioaugmentation and combination experiments. 
3  Experimental procedures 
3.1 Optimization alkali precipitation using Taguchi approach 
Hydrated lime (Ca(OH)2) was selected as alkali precipitant and its efficiency for precipitation of lignin from BL 
and biotreatability enhancement were optimized using Taguchi approach in 500ml Erlenmeyer bottles filled with 
250ml of BL in the first stage of this research. Based on the number of factors and four levels each, the L16 
orthogonal array was used in the design. The dose of the precipitants was varied from 3.4 to 6.8 g/l, while the 
solution pH was varied from 10 to 13. Table 1 gives the details of 16 experiments to be conducted according to L16 
orthogonal array. The jar test was carried out in a temperature- controlled water bath at a higher agitation speed of 
120 rpm for 2 min, followed by 10 min of slow stirring at 40 rpm. Control studies were also undertaken in the form 
of corresponding tests that did not contain precipitants. After 10 min of settling, the samples were withdrawn from 
the reactor and their pH was measured. Then the supernatant was collected through a centrifugation(3,000hg for 
15min) process and residual lignin, COD and color were measured using the standard method. The isolated lignin 
under optimum conditions was separated and dried in an oven at 60ć for 16h before further physic-chemical 
analyses.  
 
 
 
 
718   Yu Zheng and Li-Yuan Chai /  Procedia Environmental Sciences  31 ( 2016 )  715 – 724 
Table 1.  Factors and their levels for L16 orthogonal array design. 
Control 
Levels 
1                        2 3                             4 
A. pH     10                      11 12 13 
B. Ca2+dosage g/l      3.4                      4.5 5.6 6.8 
C. Temperature(ć)  50                        60 70 80 
D. Initial COD (mg/l)  78,000               39,000 20,000 10,000 
3.2 Optimization of bioaugmentation conditions for pretreated BL  
After alkali precipitation, the major problems such as high dark color, high COD concentration and high lignin 
content were still presented in the pretreated BL; therefore, the pretreated BL needs to be further treated. For this 
reason, pretreated BL, resulting from alkali precipitation obtained at optimized conditions, were subsequently 
treated using bioaugmented treatment to further greatly remove color, COD and lignin.  
The optimum OLR (organic load rate) for pretreated BL was determined using a bench scale plexiglass with a 
working volume of 2l with stepwise increases in the OLR for a long-term operation of 40 days. Optimum inoculum 
concentration was added to the reactor. Air was provided using a glass diffuser connected to an air pump. 
Temperature and dissolved oxygen (DO) were approximately Temperature (30±2 °C) and DO (2±0.5 mg/l). 
Complex mixing of the reactor contents was assumed to be achieved within 3 min. The first sample was then drawn 
after that mixing and that was considered as the zero time-sample. At each sampling time, COD, lignin and color 
removal, sludge volume index (SVI) and MLSS were determined. According to the removal efficiencies of the 
recorded contaminants, the optimum OLR was determined. 
3.3 Combined alkali precipitation-bioagumentation treatment process 
The raw alkaline BL was investigated using the proposed units at their optimum operation conditions. Only the 
coagulant was added to enhance biotreatability and extract lignin. Feed water of the bioaugmentation reactor 
contained mixed special microorganisms. The amount of sludge wasted from the mixed liquor was adjusted on the 
basis of MLSS in the reactor to compensate for solids lost in the effluent. Every experiment was conducted until the 
system reached a steady state, yielding the same COD in the effluent for three consecutive days. The pH, 
temperature, SVI, MLSS and DO values of each reactor were periodically monitored. Throughout the experiments, 
no other carbon or nutrient substance was added to any reactor. Samples were taken at specific time intervals, 
centrifuged, filtered, and stored at 4 °C. Removal efficiencies of the contaminants were calculated and averaged. 
It was considered that this operating scenario would reflect conditions under which the full scale system at the 
mill operated so that the results can be compared with the actual treatment system. The combined systems were 
operated continuously for 15 periods using fresh BL from the same mill. 
3.4 Analytical methods 
Samples were withdrawn at specific time intervals and centrifuged at 3,000×g for 15 min to remove biomass from 
the liquid phase for later analysis. Clear supernatants were analyzed for their COD, color, and lignin content. Before 
measurement, the samples were diluted 500 times with distilled water. The pH of samples was measured with a pH 
electrode (Model PHS-3E; Leici, China). For the measurement of lignin content, the supernatant (1 ml) was adjusted 
to pH 8.0 by adding 0.1mol/l NaOH or 0.30mol/l HCl, the absorbance was measured at 280 nm on a 
spectrophotometer. The absorbance value was transformed into lignin concentration (milligrams per liter)26. 
Supernatant color was assessed spectrophotometrically at 465 nm (A465) with the absorbance value transformed into 
color units (CU)20. MLSS were measured periodically using standard methods (APHA1998). The COD was 
determined by the dichromate method with modification of incubation temperature from 150°C to 165°C, as 
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recommended by the COD reactor manual (Model 45600; Hach Co., USA). SVI (sludge volume index) was 
determined from the volume of sludge settling over 30min in a 1000 ml graduated cylinder and at the concentration 
of MLSS in the reactor. 
3.5 Statistical analysis 
All experiments were conducted in triplicate under identical conditions, and the results were presented as the 
average value of the three data sets. In most cases, the relative standard deviation was less than 1%. In a few cases, 
where the relative errors exceeded 5%, the obtained data were disregarded and an identical fourth run would be 
undertaken until the relative error fell within this criterion. In figures, error bars are not shown. 
4 Results and discussion 
4.1 Wastewater characterization 
The detected characteristics of BL are shown in Table 2. The results indicated that BL had high amounts of COD, 
color, lignin and related compounds, and pH. The lignin content in the BL sample was much higher than those of 
previously reported BL wastewaters, due to the soda process used for pulping reed27. In addition, the BL sample 
contained significant amounts of ionic nutrients, such as ammonia and phosphates (data not shown), which have 
been reported as essential for microorganism growth28. On account of its composition, the BL wastewater sample 
was determined to be of complex character with low biodegradability (BOD5/COD<0.5) and very high pH 
(12.5~13.2). 
Table 2. Characteristics of untreated black liquor (BL). 
Characteristics BL 
pH 12.5~13.2 
Color (CU) 218,300~281,000 
COD (mg/l) 75,000~83,000 
BOD (mg/l) 7,200~8,600 
Lignin (g/l) 57.92~64.17 
Cellulose (g/l) 33.02~36.95 
           Hemicellulose (g/l) 
Silica (g/l) 
14.43~16.52 
2.23 ~2.84 
4.2 Optimization of pretreatment parameters for extraction lignin  
The pretreatment for extraction lignin (or lignin reduction) from BL was investigated in different experimental 
conditions. Solutions containing different dosages of Ca(OH)2 were prepared as coagulant. To determine the 
optimum conditions for lignin removal, the effects of pH, Ca2+ dosage, reaction temperature and initial COD 
concentration were investigated respectively. The results obtained for the Taguchi experiment are summarized in 
Table 3 in terms of lignin removal. As seen in the table, lignin removal efficiency under the 16 different experiments 
ranged between 77% and 86%, showing the pretreatment of extraction lignin is feasible in alkaline environment. 
The influence of individual factors at the assigned levels on lignin extraction is shown in Table 4. “The larger the 
better” responses are generally considered when the objective of the experiments is to maximize the removal 
efficiency as it is in this work. The main expectation in this first study is to maximize the lignin removal. So, as seen 
in Table 4, the optimum conditions achieved based on the results are as follows: A4( pH 13), B4(Ca2+ 6.8g/l), 
C2(Temperature 60ć) and D1(COD 78,000 mg/l). The parameters were ranked based on contribution to the 
performance: Ca2+ dosage, initial COD concentration, pH and reaction temperature. 
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Table 3.  Design of experiment by L16 orthogonal array for lignin removal. 
Expt. 
No. 
Control factors assigned to the columns  
Lignin removal (%) A B C D 
      
1 1 1   1  1 79.80 
2 1 2   2  2 80.90 
3 1 3   3  3 80.10 
4 1 4   4  4 81.25 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16  
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
  2 
  1 
  4 
  3 
  3 
  4 
  1 
  2 
  4 
  3 
  2 
  1 
 3 
 4 
 1 
 2 
 4 
 3 
 2 
 1 
 2 
 1 
 4 
 3 
77.56 
80.53 
84.79 
82.15 
77.29 
78.46 
82.12 
86.78 
79.42 
83.53 
83.57 
83.55 
 
 
Table  4.  Response table for means for “larger is better” option. 
Level A B C D 
1 
2 
3 
4 
Delta 
322.05 
325.03 
324.65 
330.07 
8.02 
314.07 
323.42 
330.58 
333.73 
   19.66 
326.00 
328.81 
323.07 
323.92 
5.04 
334.9 
324.59 
319.67 
322.64 
15.53 
Rank 4 4 2 1 
     
To validate the experimental parameters optimization, pretreatment experiment was performed under optimal 
conditions; meanwhile, the same comparative study was carried out in slightly Ca2+ dosage (5.6g/l), aiming more 
attractiveness for industry application due to lower operation cost. These results (data not shown) showed no 
significant difference in lignin, COD and color removal efficiency for pretreatment using different Ca2+ dosage 
6.8g/l and 5.6g/l. Using Ca2+ 5.6g/l as coagulant, the residual Ca2+ in the supernatant is found to be 19.4mg/l, While 
using Ca2+ 6.8g/l, 74.6 mg/l of Ca2+ remains in the supernatant (data not shown). And the cost of the process depends 
mainly of the consumption of the Ca2+ dosage, therefore, that a compromise of the Ca2+ dosage 5.6g/l is necessary to 
optimize the treatment efficiency with the lowest cost. Using Ca2+ dosage 5.6g/l, the experimental study clearly 
showed that under optimal conditions, about 71.6% COD, 83.2% lignin and color 94.5% were successfully removed. 
The results also illustrated that major parameter affecting the color removal is the presence of lignin in BL and 
separation of lignin, which not only reduces COD but also removes significant amount of color from BL. 
Since the best pH for lignin removal was 13, the pH of the original wastewater (12~13) did not need to be 
adjusted, which economically is the one of advantages of this method. In addition, it was also demonstrated that the 
final pH after pretreatment reached about 10.5 allowing the effluent to be directly treated by bioaugmentation 
treatment without pH adjustment. This is, in particular, important because the wastewater from the alkaline stage 
possesses a high pH, which would eliminate any further manipulation of the wastewater prior to treat. Meanwhile, 
alkali precipitation enhanced biodegradability of BL, measured as BOD5/COD from about 0.12 to 0.45, 
721 Yu Zheng and Li-Yuan Chai /  Procedia Environmental Sciences  31 ( 2016 )  715 – 724 
accompanied with deceasing COD, indicating the biodegradability of the wastewater improved due to the extraction 
of lignin.  
Several researchers have evaluated the efficacy of conventional coagulants (such as Al and Fe salts) for COD and 
color removal from pulp and paper mill effluents. A study using commercial alum as coagulation showed a 
maximum COD and color reductions of 63% and 90% were obtained for the pre-treatment of diluted BL with COD 
7,000 mg/l and adjustment of pH 5.029. The solid residue obtained after coagulation was found to be used a 
renewable source, but further treatment should adjust pH in advance. Garg et al30 have used copper sulfate as a 
catalyst/ coagulant for the pretreatment of diluted BL (COD 7,000 mg/l) with a maximum reduction of COD 
achieving to 61% under pH of 8.0. The supernatant was then treated further by using catalytic WAO at moderate 
operating conditions. Another study reported the high efficiency of Ca2+ and Mg2+ ions for lignin precipitation at pH 
11~13 during washing of a laboratory- cooked kraft pulp17. Most of these studies have only optimized the process 
parameters and have concentrated on COD and color reduction while the valuable extracted lignin in potential 
utilization, though important, has not been studied.  
In general, the FTIR spectra results (data not shown) also revealed high resemblance between the extracted lignin 
and commercial lignin samples. Even though this similarity indicates the purity of the sample and provide a strong 
basis for a variety of industrial applications, such as adhesives, flocculants, it required further research for quality 
improvement on its applications.  
From the experimental results it is found that alkali precipitation as pretreatment under original condition could be 
successfully used for the extraction of lignin from BL, effective reduction of COD, lignin and color and 
enhancement of biodegradability. 
4.3 Optimization of OLR during Bioaugmented treatment  
Optimization of organic load rate was carried out at various OLR with 4 days HRT (hydraulic retention time) 
using pretreated BL, measured as the change in MLSS concentration and removal of COD, lignin, color. The results 
are shown in Table 4. When OLR was increased, the COD, lignin and color removal efficiencies decreased in the 
reactor, except for OLR up to 6 g COD/l·d. When OLR was increased from 5~8 g COD/l·d, COD removal 
efficiency decreased from 78.3% to 64.3%, lignin removal efficiency varied between 52.8-56.7%, whereas color 
removal efficiency varied between 54.6-61.9% in the reactor. When the OLR was 9~10g COD/l·d, the removal 
efficiency in the reactor was always in the stable range of 46~53%, and even when the OLR was increased to 11 g 
COD/l·d, the removal efficiencies for COD and color were up to 29.6% and 28.7%, respectively. This observation 
confirmed that the bioaugmented treatment could produce better removal efficiencies, owing to the addition of the 
mixed special exogenous microorganisms that played an important role in improving COD, lignin removal and 
maintaining stable removal efficiencies. 
The variation in MLSS concentration at different OLRs is also depicted in Table 5. Bioaugmentation 
demonstrated no inhibitory effect at OLR from 5~10 g/l·d, and the total biomass concentration remained relatively 
stable at an average of 7.2 to 5.2 g/l·d, respectively. This result suggested that the mixed special culture at the test  
Table 5.  Average removal parameters in the reactor during the operation. 
OLR (g/l·d)         COD (%) Lignin (%) Color (%) MLSS(g/l) 
5                                     72.7                                      53.3                                           56.1                                 7.2 
                        6                                     76.3                                      56.7                                           61.9                                  7.0                           
                        7                                     70.5                                      54.3                                           55.4                                  6.8          
                        8                                     64.2                                      52.8                                           54.6                                  6.5          
                        9                                     61.6                                      50.2                                           52.7                                  5.7        
                      10                                     53.7                                      45.8                                           48.5                                  5.2         
                      11                                     38.2                                      27.5                                           29.7                                  3.4         
concentration was not toxic to endogenous microorganisms in the reactor. When the OLR was increased to 10~11 
g/l·d, limitation of MLSS concentration sharply to 3.4 g/l leads to decrease in COD, lignin and color removal 
efficiencies, which is mainly because of the fact that toxic concentrations of lignin and other constituents started to 
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build-up and could not be effectively degraded, thus leading to a reduction in the biomass concentration, which in 
turn reduced COD, lignin and color removal. A similar result has also been observed by Grover et al28. They found 
that an OLR of 5.0 g/l·d was the optimum for COD removal using anaerobic baffled reactor (ABR) system as far as 
toxic effect of 10% BL containing about COD concentration of 10,000 mg/l. In our case, OLR from 5~9 g/l·d was 
considered the optimum of organic load rate for achieving its stable capacity for COD, lignin and color removal 
efficiencies. 
  4. 4 Overall performance of the combined treatment 
Based on these observations, a lab scale (5l) study was carried out for fresh original BL without pH adjustment by 
alkali precipitation followed by bioaugmented treatment at an optimum conditions and treatment processes. The 
physic-chemical properties of the treated and untreated wastewater are given in Table 6.The results of the study 
revealed that this treatment reduced the color of BL by 92.3~94.6%, lignin was reduced by 90.6~91.8% and total 
suspended solids content was reduced from 2,100~2,780 mg/l to 280 ~ 350 mg/l, cellulose and hemicellulose were 
reduced by 53.2~61.7% and 42.5~48.3% respectively; the reduction of BOD and COD was 88.7~91.2% and  
87.2~89.0%, respectively, during the whole test period. In addition, the results of decease in ammonia nitrogen 
content showed that ammonia nitrogen in BL could be utilized for cells growth (data not shown). 
A problem for industrial application of all wastewater treatment is the inconsistency of effluent parameters. In our 
case, Table 6 illustrated these deviations in BL parameters had little effect on the removal efficiency of organic 
compound for the combined treatment. For example, Table 6 contains some statistical data on lignin content 
measured at different time during the whole operation period for 15 runs. It is seen that the removal efficiency 
remained 90.6~91.8%, illustrating the high stability of the whole combined treatment operation.  
  Table 6.  Physico-chemical properties of fresh BL during combined treatment for 15 runs (Lab scale 5l). 
Parameters                                     Untreated BL                               Treated BL                                    Reduction (%) 
pH                                            12.77~ 13.12                                9.16 ~ 9.23                                                 - 
Color (CU)                                  223,400~278,000                          6,024~6,354                                        92.3~94.6 
COD (mg/l)                                75,220~79,840                             8,663~8,872                                        87.2~89.0 
BOD (mg/l)                                  7,150~8,720                                  750~920                                           88.7~91.2 
Lignin (g/l)                                     56.4~64.2                                   5.32~5.57                                          90.6~91.8 
Cellulose (g/l)                                  32.96~36.82                               14.88~15.76                                        53.2~ 61.7 
Hemicellulose (g/l)                              14.62~16.77                                7.49~7.81                                            42.5~48.3 
 
Yang et al treated alkaline BL using Halomonas sp.Y2 which produced lignocellulolytic enzyme at pH of 11.0, 
COD of 139,300 mg/l. After 48 h, color content and COD concentration reduced by 52.5% and 6.7% respectively20. 
However, because of high BOD, COD loading, high lignin and color values of BL, single treatment are neither 
technologically nor economically effective. Higher percentages of COD, BOD and total solids reduction in BL 
should be obtained using a further treatment. In contrast, few research studied have been published showing the 
whole integrated treatment of original BL31. Sadhasivam et al reported32 that combined fungal and aerobic treatment 
effluent led to 93% decolourization, for effluent having 7,000 CU, after 48h at optimum pH, temperature and 
glucose concentration Another study using integrated chemical (alum, ferric chloride) followed by oxidation and 
finally biological activated sludge treatment was obtained 76.68% removal of the tested pollutants with initial COD 
only 148.67 mg/l33. However, no published data on original BL by combined treatment are available. Thus, no 
comparison of the data from the present work with previous results could be made. Obviously, a significant 
difference between the present study and the other studies concerning BL treatment was the utilization of extracted 
lignin under high alkaline condition without any pH adjustment in the present work.    
Compared to the above reports, the treatment process identified in the present study (alkali precipitation followed 
by bioaugmentation treatment) had effectively reduced the pollution parameters and it could be recommended for 
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scaling up to meet with the industrial need. The combined treatment strategy can thus have better potential to treat 
original BL. 
5 Conclusion 
This investigation might provide a new idea for treating BL using a combined system coupling a physicochemical 
pretreatment followed by bioaugmentation treatment. It is evident that the combined treatments have been 
technically applicable and effective to treat the original recalcitrant BL for the majority of small- and medium-scale 
pulp and paper mills. The BOD, COD, lignin and color values of original BL were brought down from 7,150~8,720 
mg/l, 75,220~79,840 mg/l, 56.4~64.2 g/l and 223,400~278,000 CU to 750~920 mg/l, 8,663~8,872 mg/l, 5.57~15.32 
g/l, and 6,024~6,354CU, respectively. Although these values are still higher than the permissible discharge limits, 
other treatment methods like Fenton reagent may be suggested to bring down the parameters to permissible values,             
and that the recycling, reuse or disposal of the treated effluent should be explored and evaluated in future research, 
together with the potential utilization of extracted lignin. 
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